1. INTRODUCTION {#ss1}
===============

It has been recognized that tens of millions of people worldwide ingest excessive amounts of arsenic through drinking water and food.^(^ [^1^](#b1){ref-type="ref"}, [^2^](#b2){ref-type="ref"} ^)^ Previous epidemiological studies have indicated that ingested inorganic arsenic is strongly associated with a wide spectrum of adverse health outcomes, primary cancers (lung, bladder, kidney, and skin), and other chronic diseases such as dermal, cardiovascular, neurological, and diabetic effects.^(^ [^3^](#b3){ref-type="ref"}, [^4^](#b4){ref-type="ref"}, [^5^](#b5){ref-type="ref"}, [^6^](#b6){ref-type="ref"}, [^7^](#b7){ref-type="ref"}, [^8^](#b8){ref-type="ref"}, [^9^](#b9){ref-type="ref"}, [^10^](#b10){ref-type="ref"}, [^11^](#b11){ref-type="ref"}, [^12^](#b12){ref-type="ref"}, [^13^](#b13){ref-type="ref"} ^)^

Guha Mazumder *et al.*,^(^ [^14^](#b14){ref-type="ref"} ^)^ Milton *et al.* ^(^ [^15^](#b15){ref-type="ref"} ^)^ Milton and Rahman,^(^ [^16^](#b16){ref-type="ref"} ^)^ and Arain *et al.* ^(^ [^17^](#b17){ref-type="ref"} ^)^ reported that long‐term ingestion of inorganic arsenic in drinking water could cause pulmonary effects manifested by cough, chest sounds in the lung, and shortness of breath in West Bengal (India), Bangladesh, and Pakistan. Von Ehrenstein *et al.* ^(^ [^18^](#b18){ref-type="ref"} ^)^ further indicated that people consuming high levels of arsenic in drinking water may lead to increased risks of chronic obstructive pulmonary disease (COPD) in an arsenic‐exposed region in West Bengal (India). Smith *et al.* ^(^ [^19^](#b19){ref-type="ref"} ^)^ reported that children may be particularly susceptible to the respiratory effects due to consuming high levels of arsenic in drinking water in a region of northern Chile.

De *et al.* ^(^ [^20^](#b20){ref-type="ref"} ^)^ reported that chronic arsenic poisoning from drinking arsenic‐contaminated water was associated with pulmonary diseases in West Bengal (India), indicating that lung functions measured as forced expiratory volume in 1 second (FEV~1~), forced vital capacity (FVC), and peak expiratory flow rate (PEFR) were averagely reduced 16.73%, 9.58%, and 19.91%, respectively, compared to controls. Von Ehrenstein *et al.* ^(^ [^18^](#b18){ref-type="ref"} ^)^ reported that consumption of arsenic‐contaminated water was associated with a high risk (odds ratios (ORs): 2.8--3.8) of respiratory symptoms and reduced FEV~1~ and FVC based on a population‐based investigation. Emerging evidence showed that long‐term ingestion of inorganic arsenic may also lead to nonmalignant respiratory effects, implicating a strong inverse association between urinary arsenic and predictive FEV~1~, FVC, and FEV~1~/FVC.^(^ [^21^](#b21){ref-type="ref"} ^)^

Influenza epidemics pose a serious threat on morbidity and mortality on a global scale, with nearly 3--5 million cases of severe illness and a quarter to one‐half a million deaths annually worldwide.^(^ [^22^](#b22){ref-type="ref"} ^)^ A number of influenza‐related treats, showing evidence of seasonality, to both elderly and children in tropical and subtropical regions were identified.^(^ [^23^](#b23){ref-type="ref"}, [^24^](#b24){ref-type="ref"}, [^25^](#b25){ref-type="ref"}, [^26^](#b26){ref-type="ref"} ^)^ The recent outbreak of novel swine‐origin H1N1 influenza first emerged in Mexico in April 2009 and then spread worldwide, resulting in more than 130,000 laboratory‐confirmed cases and 800 deaths in over 100 countries by mid‐July of 2009.^(^ [^27^](#b27){ref-type="ref"} ^)^ The WHO reported that many areas around the world utilize drinking water supplies with arsenic levels in excess of 10 μg/L, including the United States, Mexico, and Southeast Asia.^(^ [^28^](#b28){ref-type="ref"} ^)^ Many geographic areas with confirmed human cases of avian flu or H1N1 include populations that also have elevated arsenic exposures. Therefore, it implies that arsenic exposures may exacerbate health outcomes related to influenza infections.

Recent studies have demonstrated that bronchial asthma and COPD are the major chronic respiratory diseases causing morbidity and mortality among children and elderly worldwide.^(^ [^29^](#b29){ref-type="ref"} ^)^ Kondo and Abe^(^ [^30^](#b30){ref-type="ref"} ^)^ indicated that influenza‐induced asthma may continuously deteriorate during the first 2 days of illness and may require at least 7 days to recover. Murphy *et al.* ^(^ [^31^](#b31){ref-type="ref"} ^)^ reported that influenza in patients with asthma can cause acute exacerbations, whereas in patients with COPD can lead to respiratory distress. Upshur *et al.* ^(^ [^32^](#b32){ref-type="ref"} ^)^ and Martinello *et al.* ^(^ [^33^](#b33){ref-type="ref"} ^)^ found that exacerbations of COPD are influenced by influenza. Gorse *et al.* ^(^ [^34^](#b34){ref-type="ref"} ^)^ found that laboratory‐documented influenza‐caused illness was associated significantly with worsening in FEV~1~. Ko *et al.* ^(^ [^35^](#b35){ref-type="ref"} ^)^ reported that the most prevalent viruses detected during acute exacerbations of COPD in Hong Kong were the influenza A viruses and coronavirus. They indicated that among 196 patients with mean age of 76 years, mean FEV~1~ was 40% of predicted normal and FEV~1~/FVC ratio was 58%.

Recently, Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ reported that environmentally relevant levels of arsenic (100 μg/L) had a significant impact on the immune system in laboratory animals, resulting in a severe influenza A infection and increased morbidity. Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ revealed that mice ingesting arsenic in their drinking water on a daily basis at levels of 100 μg/L were initially unable to initiate a strong immune response to A (H1N1) influenza virus. They found that the arsenic‐exposed mice exhibited a significant 10‐fold increase in viral loads (measured as 50% tissue culture infective dose (TCID50)/mL)) compared with normal ones at day 7 postinfection. Therefore, it appears that arsenic exposure leads to increased susceptibility and severity of respiratory influenza A (H1N1) infection.

The mechanistic links between chronic arsenic exposure and exacerbations of influenza infection, however, are still nebulous and lead us to look for more general principles that might relate arsenic and A (H1N1)‐associated lung function exacerbations risk. Unlike the aforementioned epidemiological approaches, here we examined the linkage between exacerbations risk of respiratory influenza infections and chronic arsenic exposure from a risk‐based mechanistic point of view. The current available data, however, do not provide detailed information of the association between arsenic exposure and influenza infection. The resulting uncertainty in arsenic‐associated influenza infections thus poses a fundamental challenge to quantifying and modeling the linkage of arsenic and influenza. Researchers commonly account for uncertainty or lack of information through stochastic models. In this study, we addressed this challenge using the well‐established statistics methods.

2. MATERIALS AND METHODS {#ss2}
========================

2.1. Arsenic‐Associated Respiratory Symptoms Epidemiological Data {#ss2-1}
-----------------------------------------------------------------

Epidemiological data on the arsenic‐associated respiratory symptoms are limited and scarce. A remarkable data set covering arsenic epidemiology of gender‐specific and age‐adjusted prevalence of arsenic‐related respiratory symptoms in West Bengal (India) gave us the opportunity to test all theoretical considerations of arsenic exposure effects and quantify its strength.^(^ [^14^](#b14){ref-type="ref"} ^)^

The study by Guha Mazumder^(^ [^14^](#b14){ref-type="ref"} ^)^ is the first large population‐based study with individual exposure data, providing critical information to characterize arsenic exposure‐respiratory effect relationships. The data set was reanalyzed based on the cross‐sectional survey conducted between April 1995 and March 1996 to reconstruct quantitatively the pooled arsenic epidemiological data of gender‐ and age‐specific cumulative prevalence ratios. Water arsenic levels were obtained from 7,683 of the participants (4,093 females and 3,590 males). The 6,864 participants with nonsmokers (4,042 females and 2,822 males) were used to comprise the study populations for consideration of respiratory signs and symptoms (*n*= 6,864).

Guha Mazumder and co‐workers^(^ [^14^](#b14){ref-type="ref"} ^)^ used a standardized questionnaire to collect information, including sources of drinking water and sociodemographic characteristics. A physician interviewer also was involved in the investigation concerning the presence of respiratory problems. The outcomes analyzed included participant‐reported cough, shortness of breath, and weakness, and the presence of chest sounds recorded by the examining physician. Each outcome was examined based on arsenic levels in the tubewell drinking water source used by each participant. The tubewells were categorized based on arsenic concentrations of \<50, 50--199, 200--499, 500--799, and ≥800 μg/L. The age groups of the participants in the survey ranged from ≤ 9, 10--19, 20--29, 30--39, 40--49, 50--59, and ≥ 60 years.

Guha Mazumder *et al.* ^(^ [^14^](#b14){ref-type="ref"} ^)^ indicated that among both males and females, the prevalence of cough, shortness of breath, and chest sound (crepitations and/or rhonchi) in the lungs rose with increasing arsenic concentrations in drinking water. Their study thus provided evidence that ingestion of inorganic arsenic in drinking water was associated strongly with pulmonary effects manifested by cough, chest sounds in the lungs, and shortness of breath, revealing that the prevalence of each outcome rose with increasing arsenic concentrations in the primary drinking water sources.

2.2. Influenza‐Associated Lung Function Data {#ss2-2}
--------------------------------------------

Two valuable data sets provided by Kondo and Abe^(^ [^30^](#b30){ref-type="ref"} ^)^ and Hayden *et al.* ^(^ [^37^](#b37){ref-type="ref"} ^)^ gave us the unique opportunity to examine the linkage between experimental human influenza and the effects of influenza virus infections on FEV~1~ decreasing in chronic respiratory diseases individuals.

To investigate the essential time course of bronchial caliber day by day in uncomplicated influenza infection, Kondo and Abe^(^ [^30^](#b30){ref-type="ref"} ^)^ examined FEV~1~ values from 5 days before to 10 days after the onset of illness in asthmatic children aged 8 to 12 years with tolerable respiratory symptoms. In their study, influenza infection was defined as nasal stuffiness, cough, sore throat, huskiness, throat injection, and headache with fever of \>38 °C for at least 2 days during an influenza epidemic. Kondo and Abe^(^ [^30^](#b30){ref-type="ref"} ^)^ found an insignificant difference in the time course of FEV~1~ of acute stage between influenza A and B infections, showing that 15 of 20 patients had a decrease in FEV~1~ more than 20% from baseline during acute stage. Kondo and Abe^(^ [^30^](#b30){ref-type="ref"} ^)^ indicated that there were no significant differences in the time‐course of FEV~1~ after different types of influenza infection. Therefore, the data of influenza A and B were used to represent influenza A (H1N1) infection. Meanwhile, previous studies ^(^ [^36^](#b36){ref-type="ref"}, [^37^](#b37){ref-type="ref"} ^)^ showed that only influenza A (H1N1) data were available. Here, we focused only on the infection due to influenza A (H1N1) virus.

Hayden *et al.* ^(^ [^37^](#b37){ref-type="ref"} ^)^ used 19 volunteers experimentally infected with influenza A (H1N1) to investigate the cytokine response in symptom formation and host defenses in influenza infection. The inoculum ranged nearly 10^5^ TCID50/mL and daily nasal washing were collected. A four‐point (0--3 corresponding to absent to severe) symptom assessment was used on a twice‐daily basis. In their study, upper respiratory symptoms most frequently appeared as nasal stuffiness, runny nose, sore throat, sneezing, and earache/pressure, whereas lower respiratory symptoms of cough, breathing difficulty, hoarseness, and chest discomfort were most frequent. Generally, proportions of volunteers who developed clinical illness of upper and lower respiratory symptoms after experimental influenza virus infection were estimated to be 79% and 32%, respectively.

[Table I](#t1){ref-type="table"} summarizes the used daily viral shedding and respiratory symptoms scores (RSS) data obtained from experimental influenza virus infection together with measured decrease in FEV~1~ after onset of influenza in asthmatics.

###### 

Experimental Influenza A Infection Data and Time Course of Mean Decrease in FEV~1~ Values After Onset of Influenza

  Days Postinfection    Viral Load ^a^ (logTCID50/mL)   Respiratory Symptoms Scores^b^ (−)   Decrease in FEV~1~ ^c^ (%)
  -------------------- ------------------------------- ------------------------------------ ----------------------------
  0                                   0                                0.11                          7.7 ± 6.6
  1                              1.88 ± 0.38                           0.21                         18.4 ± 10.7
  2                              3.75 ± 0.53                           0.57                         28.9 ± 10.3
  3                              3.23 ± 0.37                           0.54                         26.4 ± 10.3
  4                               2.6 ± 0.45                           0.48                         12.0 ± 6.1 
  5                              2.49 ± 0.36                           0.34                         22.5 ± 13.1
  6                              1.33 ± 0.32                           0.22                         18.3 ± 11.8
  7                              0.82 ± 0.39                           0.15                         13.3 ± 12.3
  8                              0.16 ± 0.11                           0.11                         10.9 ± 15.5

^a^Data (mean ± standard error) were adopted from Hayden *et al.* ^(^ [^37^](#b37){ref-type="ref"} ^)^

^b^Data were estimated and normalized based on Hayden *et al.* ^(^ [^37^](#b37){ref-type="ref"} ^)^ corresponding to mean score for upper and lower respiratory symptoms. A score of 1 corresponds to the maximum reported score value.

^c^Data (mean ± standard deviation) were adopted from Kondo and Abe.^(^ [^30^](#b30){ref-type="ref"} ^)^

2.3. Weibull Prevalence Model {#ss2-3}
-----------------------------

A Weibull probability density function (pdf) was used to account for gender‐ and age‐specific cumulative prevalence ratio of respiratory symptoms for human long‐term exposure to low doses of arsenic in drinking water: with where represents the prevalence ratio of respiratory effects for humans exposed to arsenic concentration *C* (μg/L) at age *t* (years), is the concentration‐dependent shape parameter, and *k* ~0~, *k* ~1~, *k* ~2~, and *k* ~3~ are the Weibull best‐fitted parameters. The age‐specific cumulative prevalence ratio of arsenic‐related respiratory effects can then be obtained by integral of [Equation (1)](#m1){ref-type="disp-formula"} as:

2.4. Arsenic‐Induced FEV~1~ Reducing Rate {#ss2-4}
-----------------------------------------

Von Ehrenstein *et al.* ^(^ [^18^](#b18){ref-type="ref"} ^)^ first investigated the effects of arsenic in drinking water on lung function based on a population aspect, indicating a strong association between reductions of FEV~1~, FVC, and forced expiratory flow between 25% and 75% of forced vital capacity (FEF~25‐75~) and long‐term consumption of contaminated drinking water in men. They reported that in men, a 100 μg/L increase in arsenic level was associated with a 45.0 mL decrease (95% CI: 6.2--83.9) in FEV~1~ (*p*= 0.02) and a 41.4 mL decrease (95% CI: −0.7 to 83.5) in FVC (*p*= 0.054).

Here we assumed that the arsenic‐associated lung function (measured as FEV~1~) reducing patterns within each segment of a 100 μg/L arsenic level were stationary. We can then model the behavior within each 100 μg/L arsenic level with standard techniques. As a first approximation, one might expect that FEV~1~ reduction at a constant rate μ and that the segment of 100 μg/L arsenic level at which every FEV~1~ is reduced are independent of each other. Such a point process is one of the simplest stochastic models and is referred to as a homogeneous Poisson process,^(^ [^38^](#b38){ref-type="ref"} ^)^ which gives rise to an exponential *C* distribution at age *t* as: where FEV~1~(*t*, *C*) is the age *t*‐specific arsenic concentration *C*‐related FEV~1~ (L), AUC(*t*) is the parameter representing area‐under‐the‐curve of FEV~1~--*C* profile (L/μgL), and μ(*t*) is the arsenic‐associated FEV~1~ reducing rate (L/μg). To convert the individual to the population‐based arsenic‐related lung function change, FEV~1~(*t*, *C*) in the absence of arsenic exposure has a form involving a cumulative Weibull prevalence function ([Equation (3)](#m3){ref-type="disp-formula"}) as: where FEV~1~(*t*,0) is the FEV~1~ in the absence of arsenic at age *t* (L), FEV~1,*N*~(*t*,0) is the normal FEV~1~ in the absence of arsenic at age *t* (L), Δ*f*(*t*,0) is the FEV~1~ difference compared to normal FEV~1~, *P*(*t*,0) is the cumulative prevalence ratio of respiratory effects in the absence of arsenic exposure. The conversion of the percent predicted FEV~1~ into age‐specific FEV~1~ could be obtained from serial reference equations (see the Appendix). In our study, the age‐associated FEV~1~ were divided into three age groups of 16--25, 25--65, and 65--85 years old.

2.5. Arsenic‐Induced Pulmonary Influenza Virus Load Increasing Rate {#ss2-5}
-------------------------------------------------------------------

Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ investigated the effects of arsenic exposure on respiratory influenza A (H1N1) virus infection. They used a mice model exposed to 100 μg/L sodium arsenite in drinking water for 5 weeks followed by intranasal inoculation with a sublethal dose of influenza A/PuertoRico/8/34 (H1N1) virus. Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ found that the arsenic‐exposed mice exhibited a significant 10‐fold increase in viral loads at day 7 postinfection compared to arsenic‐unexposed controls. A homogeneous Poisson model can also be used to describe the arsenic‐associated influenza A (H1N1) virus loads increasing process within each 100 μg/L arsenic level: where *V*(*C*) is the arsenic concentration *C*‐associated viral load (logTCID50/mL), AUC~V~ is the parameter representing area‐under‐the‐curve of *V*--*C* profile (μg/L logTCID50/mL), and μ~V~ is the arsenic‐associated A (H1N1) virus loads increasing rate (L/μg). Here an adjusted factor of 10 adopted from USEPA^(^ [^39^](#b39){ref-type="ref"} ^)^ was used for taking into account the interspecies transfer from animals to humans.

2.6. Dose‐Response Relationships Among Arsenic, Lung Function, and A (H1N1) {#ss2-6}
---------------------------------------------------------------------------

To link the associations between FEV~1~ and A (H1N1)‐associated RSS, the published experimental human influenza data of viral load dynamics and FEV~1~ reducing rate varied with days postinfection have to be investigated. The age‐group‐specific relationship between FEV~1~ and A (H1N1) viral load can be constructed followed by a homogeneous Poisson process in the absence of arsenic exposure based on the established relations of viral load and FEV~1~ as: where FEV~1~(*V*, 0) is the viral‐load‐induced FEV~1~ (L), AUC~L~ is the parameter representing area‐under‐the‐curve of FEV~1~--*V* profile (L logTCID50/mL), and μ~L~ is the viral‐load‐induced FEV~1~ reducing rate (mL logTCID50/mL).

Here % FEV~1~(*V*, 0) was converted appropriately to RSS(*V*, 0) based on the published data to represent A(H1N1) virus‐induced lung function exacerbations. In this study, a biologically‐based empirical 4‐parameter Hill equation was used to reconstruct the dose‐response profile describing the relationships between A (H1N1)‐associated RSS and A (H1N1) viral load: where RSS(*V*, 0) is the RSS response caused by viral load in the absence of arsenic, *y* ~min~ and *y* ~max~ are the minimum and maximum responses of RSS, *V*50 is the viral load at 50% response of RSS, and *n* is the Hill coefficient.

By incorporating [Equation (6)](#m6){ref-type="disp-formula"} into [Equation (8)](#m8){ref-type="disp-formula"}, a three‐dimensional Hill‐based dose‐response model describing the relationships between arsenic‐exposure‐associated lung function and A (H1N1) virus infection can be constructed: where RSS(*V*, *C*) is the arsenic exposure *C*‐associated RSS response varied with A (H1N1) viral load *V* (logTCID50/mL), *a*, *b*, *c*, and *d* are the fitted parameters, and *n* is the Hill coefficient.

2.7. Probabilistic Risk Model {#ss2-7}
-----------------------------

Risk characterization is the phase of risk assessment where the results of arsenic‐associated A (H1N1) virus infections (measured as RSS) and quantitative effect assessments are integrated to provide risk estimates resulted from chronic arsenic exposure and days postinfection‐dependent viral loads. The risk at specific arsenic‐associated RSS can be calculated as pdfs of arsenic exposure concentration (*P*(*C*)) and viral load (*P*(*V*)) multiplied by conditional probability of . Therefore, a joint probability function (JPF) can be used to calculate the risk probability and can be expressed as: where *P*(*R* ~RSS(V,C)~) represents the risk estimate of arsenic‐exposure‐associated influenza A (H1N1) virus infection at a day‐postinfection‐specific viral load *V* and an arsenic concentration *C*.

Optimal statistical models were selected on the basis of least squared criterion from a set of generalized linear and nonlinear autoregression models provided by TableCurve 2D and 3D packages (AISN Software Inc., Mapleton, OR, USA) fitted to the study data. A value of *p* \< 0.05 was judged significant. To quantify the uncertainty and its impact on the estimation of expected risk, a Monte Carlo (MC) technique was implemented. A MC simulation was also performed with 10,000 iterations to generate 2.5 and 97.5 percentiles as the 95% CI for all fitted models. The Crystal Ball^®^ software (Version 2000.2, Decisioneering, Inc., Denver, CO, USA) was employed to implement MC simulation. Furthermore, five representative regions of Taiwan, West Bengal, the United States, Mexico, and Brazil were selected and compared. The first two regions (Taiwan and West Bengal) had been found with high arsenic concentrations in drinking water, whereas the United States and Mexico had the first two laboratory confirmed pandemic H1N1 cases according to WHO.^(^ [^27^](#b27){ref-type="ref"} ^)^ We also selected a relative representative region with low arsenic concentration in Brazil (Southern America) for comparison.

3. RESULTS {#ss3}
==========

3.1. Fitting Weibull Model to Arsenic‐Associated Respiratory Effects Data {#ss3-1}
-------------------------------------------------------------------------

[Table II](#t2){ref-type="table"} shows the best fitted parameters *k* ~0~, *k* ~1~, *k* ~2~, and *k* ~3~ in the Weibull dose‐response model obtained by fitting [Equation (3)](#m3){ref-type="disp-formula"} to gender‐ and respiratory‐symptom‐specific cumulative prevalence ratios for the arsenic‐associated respiratory effects in West Bengal (India). The results indicated that the Weibull model could well describe the association between arsenic exposure from drinking water and the prevalence of respiratory effects (*r* ^2^= 0.71 − 0.93 for female, *r* ^2^= 0.78 − 0.89 for male) ([Table II](#t2){ref-type="table"}).

###### 

Gender‐ and Respiratory‐Symptom‐Specific Best Fitted Parameters (Mean with 95% CI) in Weibull Dose‐Response Function

  Respiratory Symptom          Best Fitted Parameters^a^                                                     
  --------------------------- --------------------------- ------------------------- ----------------- ------ ------
  Female^b^                                                                                                  
   Cough                             5.70 × 10^−7^                  1.38              3.18 × 10^−3^    0.40   0.82
  (−2.25 to 3.38 × 10^−6^)          (0.68 to 2.09)            (0.001 to 0.005)       (0.25 to 0.55)          
   Chest sounds                      1.63 × 10^−6^                  1.00              1.15 × 10^−3^    0.68   0.71
  (−9.83 to 13.08 × 10^−6^)         (0.01 to 1.99)         (−4 × 10^−5^ to −0.002)   (0.44 to 0.92)          
   Shortness of breath               2.81 × 10^−3^                  0.26             −6.09 × 10^−3^    0.59   0.93
  (−0.008 to 0.013)                 (−0.16 to 0.67)            (−0.02 to 0.01)       (−0.39 to 0.79)         
   Weakness                          1.02 × 10^−5^                  1.00              1.34 × 10^−3^    0.59   0.93
  (−1.44 to 3.48 × 10^−5^)          (0.66 to 1.33)          (6 × 10^−5^ to 0.003)    (0.46 to 0.73)          
  Male^b^                                                                                                    
   Cough                            7.77 × 10^−12^                  3.13              7.26 × 10^−3^    0.40   0.89
  (−6.14 to 7.69 × 10^−11^)         (1.84 to 4.41)            (0.003 to 0.011)       (0.26 to 0.53)          
   Chest sounds                      2.02 × 10^−3^                  0.12             −1.64 × 10^−3^    0.70   0.78
  (−0.02 to 0.02)                   (−0.55 to 0.79)            (−0.02 to 0.02)       (0.49 to 0.91)          
   Shortness of breath               3.17 × 10^−3^                  0.10             −3.75 × 10^−3^    0.80   0.89
  (−0.03 to 0.04)                   (−0.61 to 0.82)            (−0.04 to 0.03)       (0.54 to 1.05)          
   Weakness                          7.50 × 10^−8^                  1.66              1.62 × 10^−3^    0.56   0.83
  (−3.50 to 5.00 × 10^−7^)          (0.86 to 2.47)         (−5 × 10^−6^ to 0.003)    (0.34 to 0.78)          

^a^Weibull dose‐response function: ![](RISA-31-1281-e014.jpg "inline image").

^b^Data were adopted from Guha Mazumder *et al.* ^(^ [^14^](#b14){ref-type="ref"} ^)^

Specifically, arsenic exposure had higher influence than age in cough (*k* ~1~= 1.38, *k* ~3~= 0.40), chest sounds (*k* ~1~= 1.00, *k* ~3~= 0.68), and weakness (*k* ~1~= 1.00, *k* ~3~= 0.59) for females and in cough (*k* ~1~= 3.13, *k* ~3~= 0.40) and weakness (*k* ~1~= 1.66, *k* ~3~= 0.56) for males ([Table II](#t2){ref-type="table"}). The results also revealed that cough had maximum *k* ~1~ values of 1.38 and 3.13 with relative higher *r* ^2^ values of 0.82 and 0.89, respectively, for females and males, indicating that arsenic exposure has stronger association with cough than other respiratory outcomes for both genders.

3.2. Arsenic‐Induced FEV~1~ and Influenza Viral Load Changing Rates {#ss3-2}
-------------------------------------------------------------------

Our results indicated that the homogeneous Poisson process well described the arsenic‐induced FEV~1~ reducing process for three age groups of 15--25, 25--65, and 65--85 years (*r* ^2^= 0.99) ([Figs. 1(A)--(C)](#f1){ref-type="fig"}). The resulting arsenic‐induced FEV~1~ reducing rates were estimated to be 0.116, 0.139, and 0.179 mL/μg for age 15--25, 25--65, and 65--85 years and increased with increasing of age ([Fig. 1(D)](#f1){ref-type="fig"}). However, the fitted AUC parameters decreased with increasing of age ([Fig. 1(D)](#f1){ref-type="fig"}).

![Homogeneous Poisson process describing the reduction of FEV~1~ in (A) 15‐ to 25‐year, (B) 25‐ to 65‐year, and (C) 65‐ to 85‐year‐old age groups exposed to arsenic. (D) Relationships showing age‐related constant and FEV~1~ reducing rate varied with age groups.](RISA-31-1281-g001){#f1}

Here we adjusted the original data from Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ by interspecies adjusted factor of 10 along with the experimental human infections data from Hayden *et al.*,^(^ [^37^](#b37){ref-type="ref"} ^)^ von Ehrenstein *et al.*,^(^ [^18^](#b18){ref-type="ref"} ^)^ and Kondo and Abe.^(^ [^30^](#b30){ref-type="ref"} ^)^ The resulting arsenic‐induced influenza A (H1N1) viral load increasing behavior also followed a homogeneous Poisson process with an estimated increasing rate of 0.5 mL/μgwith a fitted AUC constant of 3,003.02 logTCID50/mL μg/L (*r* ^2^= 0.94) ([Fig. 2](#f2){ref-type="fig"}).

![Homogeneous Poisson process describing the viral load increased with increasing As exposure. Data with diamond represent the estimates based on Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ with interspecies adjust factor of 10, whereas data with square represent the estimates from experimental data combining Hayden *et al.*,^(^ [^37^](#b37){ref-type="ref"} ^)^ Kondo and Abe,^(^ [^30^](#b30){ref-type="ref"} ^)^ and von Ehrenstein *et al.* ^(^ [^18^](#b18){ref-type="ref"} ^)^](RISA-31-1281-g002){#f2}

3.3. Dose‐Response Relationships {#ss3-3}
--------------------------------

To construct the relationship of A (H1N1) virus‐induced lung function change, we began by combining the FEV~1~ and viral shedding dynamics data in the experimental human influenza infections ([Figs. 3(A), (B)](#f3){ref-type="fig"}). [Fig. 3(A)](#f3){ref-type="fig"} indicates that the % predicted FEV~1~ reducing process at days 0, 1, and 2 postinfection can be well described by the homogeneous Poisson model with an estimated reducing rate of 0.19/day with a fitted AUC parameter of 476.75%/day (*r* ^2^= 0.70). Here a homogeneous Poisson process was also used to construct the FEV~1~--A (H1N1) viral load relations, resulting in an estimated A (H1N1) virus‐induced FEV~1~ reducing rate of 0.10 mL/logTCID50 for three age groups (*r* ^2^= 0.99)([Fig. 3(C)](#f3){ref-type="fig"}).

![(A) Homogeneous Poisson process describing the reduction of % predicted FEV~1~ varied with days postinfection. (B) Viral load varied with days postinfection based on Hayden *et al.* ^(^ [^37^](#b37){ref-type="ref"} ^)^ (C) Homogeneous Poisson process describing the relationships between the decline of FEV~1~ and viral load varied with age groups of 15--25 years, 25--65 years, and 65--85 years old, respectively. (D) Hill‐based model showing the relationship between respiratory symptoms scores and % predicted FEV~1~.](RISA-31-1281-g003){#f3}

Based on the experimental influenza A infection data along with % decrease in FEV~1~ values for influenza virus infections in patients with respiratory symptoms ([Table I](#t1){ref-type="table"}; [Fig. 3(A)](#f3){ref-type="fig"}), the RSS % predicted FEV~1~ profile can be constructed. The result indicated that a best fitted Hill model of described adequately the relationship between respiratory symptoms scores and % predicted FEV~1~with fitted parameter values of *a*= 0.90, *b*= 73.24%, *c*= 13.73, and *d*= 0.06 (*r* ^2^= 0.99, *p* \< 0.001) ([Fig. 3(D)](#f3){ref-type="fig"}).

Given the fitted A (H1N1) virus‐induced FEV~1~ reduction process along with the respiratory symptoms scores and decrease in % FEV~1~ relationships ([Fig. 3(C), (D)](#f3){ref-type="fig"}), we can construct a respiratory symptoms scores--viral load profile that explains the observed relations. Here a Hill model also well describes the relationships between respiratory symptoms scores and viral load (*a*= 0.89, *b*= 3.49 logTCID50/mL, *c*= 2.45, and *d*= 0.11, *r* ^2^= 0.95, *p* \< 0.001) ([Fig. 4(A)](#f4){ref-type="fig"}).

![(A) Hill‐based model describing the dose‐response relationship between observed respiratory symptoms scores and viral loads. (B) Relationships between predicted respiratory symptoms scores response and viral load varied with arsenic (As) exposures ranging from 0 to 3500 μg/L based on the fitted model in (A).](RISA-31-1281-g004){#f4}

We linked fitted arsenic--viral load relationship ([Fig. 2](#f2){ref-type="fig"}) with Hill‐based viral load--RSS relationship ([Fig. 4(A)](#f4){ref-type="fig"}) to construct an arsenic concentration‐specific dose‐response model describing the relationships among chronic arsenic exposure, A (H1N1) viral load, and RSS ([Fig. 4(B)](#f4){ref-type="fig"}). [Fig. 4(B)](#f4){ref-type="fig"} indicates that a 500 μg/L increase in arsenic level was associated with a 1 logTCID50/mL increase in viral load. [Fig. 5(A)](#f5){ref-type="fig"} demonstrates the response surface that highlights the relationships of arsenic concentration (*C*) and viral‐load (*V*)‐associated respiratory symptoms scores (RSS(*V*, *C*)), as a Hill model of .

![(A) Response surface depicting respiratory symptom scores as a function of As exposure concentration and viral load doses. (B) Contour plot showing the severity of respiratory symptoms scores (RSS) in an arsenic exposure--viral load regime delineating RSS \< 0.40 as mild, 0.40 \< RSS \< 0.70 as moderate, and RSS \> 0.70 as severe conditions.](RISA-31-1281-g005){#f5}

A useful classification scheme was proposed for RSS on an arsenic concentration--viral load regime, delineating three regions spanning the range from mild (RSS = 0.1--0.4), moderate (RSS = 0.4--0.7), to severe (RSS = 0.7--1.0) symptoms ([Fig. 5(B)](#f5){ref-type="fig"}).

3.4. Exacerbations Risk Estimates {#ss3-4}
---------------------------------

[Fig. 6](#f6){ref-type="fig"} shows the synoptic predicted risk profiles for five representative regions of Taiwan, West Bengal (India), the United States, Mexico, and Brazil. The published data on arsenic concentrations in drinking water^(^ [^40^](#b40){ref-type="ref"} ^)^ and published viral loads at day 0, 1, and 2 postinfection^(^ [^37^](#b37){ref-type="ref"} ^)^ were adopted to generate the probability distributions. The probabilities of day‐postinfection‐dependent lung function exacerbations risk based on the estimated dose‐response profile ([Fig. 5(A)](#f5){ref-type="fig"}) can then be estimated ([Fig. 6](#f6){ref-type="fig"}). Here we used the difference between maximum and minimum RSS (ΔRSS = RSS~max~−RSS~min~) to indicate the potential exacerbations risk of lung function induced by chronic arsenic exposure and A (H1N1) infection ([Table III](#t3){ref-type="table"}). It is not surprising that the regions of Taiwan, West Bengal (India), and the United States subjected to relatively higher arsenic levels in drinking water had larger changes in RSS at day 2 after infection compared with Brazil and Mexico. Meanwhile, RSS values in West Bengal and the United States ranged from 0.21 to 0.29 compared with Brazil and Mexico, which had less change in RSS of 0.07 and 0.12, respectively ([Table III](#t3){ref-type="table"}).

![Predicted risk profiles in the major arsenic‐contaminated countries of (A) Taiwan, (B) West Bengal (India), (C) the United States, (D) Mexico, and (E) Brazil subject to estimated arsenic concentration distribution in drinking water and viral load distribution at days 0, 1, and 2 postinfection (PI). LN(*a*, *b*) represents lognormal distribution with geometric mean *a* and geometric standard deviation *b*.](RISA-31-1281-g006){#f6}

###### 

Estimated Respiratory Symptoms Scores at Days 0, 1, and 2 Postinfection (PI) of Influenza A (H1N1) for Selected Regions with Estimated Arsenic Exposure Distributions

  Arsenic Concentration (μg/L)    Respiratory Symptoms Scores (−)                 
  ------------------------------ --------------------------------- -------------- ------
                                              Taiwan                              
  LN(134.91, 3.06)^a^                         0.27^b^                   0.41       0.23
  (0.11--0.38)^c^                          (0.27--0.68)             (0.60--0.83)  
                                        West Bengal, India                        
  LN(252.98, 2.98)                             0.52                     0.53       0.29
  (0.11--0.63)                             (0.28--0.81)             (0.60--0.89)  
                                                USA                               
  LN(118.32, 2.89)                             0.20                     0.36       0.21
  (0.11--0.31)                             (0.27--0.63)             (0.60--0.81)  
                                              Mexico                              
  LN(70.43, 2.55)                              0.04                     0.19       0.12
  (0.11--0.15)                             (0.27--0.46)             (0.60--0.72)  
                                              Brazil                              
  LN(18.71, 3.52)                              0.01                     0.09       0.07
  (0.11--0.12)                             (0.27--0.36)             (0.59--0.66)  

^a^LN(*a*, *b*) represents lognormal distribution with geometric mean *a* and geometric standard deviation *b*. Data were adopted from Nordstrom.^(^ [^40^](#b40){ref-type="ref"} ^)^

^b^ΔRSS = RSS~max~− RSS~min~.

^c^Min--max.

On the other hand, the maximum RSS at day 2 postinfection in Taiwan, West Bengal (India), and the United States were estimated to be 0.83, 0.89, and 0.81, respectively, which all fell within the severe RSS range, indicating that chronic arsenic exposure and A (H1N1) infection together could pose significant exacerbations risk of lung function in those regions. It is noted, however, that the probabilities that 50% or more of the lung function exacerbations risks induced by arsenic and influenza infection were all within the mild and moderate ranges of RSS at day 1 (RSS = 0.27--0.36) and 2 (RSS = 0.59--0.66) postinfection, respectively, giving a representative RSS range estimates ([Fig. 6](#f6){ref-type="fig"}).

4. DISCUSSION {#ss4}
=============

Although chronic arsenic exposure could significantly contribute to the decrements in lung function,^(^ [^18^](#b18){ref-type="ref"}, [^20^](#b20){ref-type="ref"}, [^21^](#b21){ref-type="ref"}, [^41^](#b41){ref-type="ref"} ^)^ quantitative analyses of influenza A (H1N1) susceptibility linked to common levels of arsenic exposure to associate to the respiratory effects have not been fully explored. Fortunately, Kozul *et al.* ^(^ [^36^](#b36){ref-type="ref"} ^)^ have recently reported that common arsenic exposure levels could inhibit influenza‐fighting ability against A (H1N1), revealing that arsenic in contaminated water increases susceptibility to influenza A (H1N1). This information inspired us to study arsenic‐influenza interactions that exacerbate influenza respiratory infections based on the quantitative models. Our results highlighted the significance of their joint effects in estimating the exacerbations risk of lung function.

This study provided the quantitative analysis by linking the prevalence of arsenic‐associated respiratory effects to variations in arsenic‐induced lung function and influenza viral loads. A dose‐response relationship that revealed the influenza RSS as the function of arsenic exposure concentration and viral loads was derived. This relationship was used to build projections of the potential effect of chronic arsenic exposure on future lung function exacerbations risk. Substantial increases in exacerbations risk of A (H1N1)‐associated lung function when people exposed to elevated arsenic levels in drinking water were found.

To explore the direct role of chronic arsenic exposure in explaining the prevalence of respiratory effects and associated infection risk of A (H1N1), one simple stochastic model called the homogeneous Poisson process was used to approximate the related processes between arsenic exposure and influenza‐associated lung function exacerbations risk. The most important statistical property in homogeneous Poisson processes^(^ [^38^](#b38){ref-type="ref"} ^)^ in relation to arsenic‐induced lung function decrement is the arsenic concentration between consecutive events, the interevent concentration *C* follows an exponential distribution in which independent events occur at a constant rate μ.

In this study, we found that (i) cough is the most common symptom for arsenic‐associated influenza respiratory outcomes, (ii) estimated arsenic‐induced FEV~1~ reducing rates were 0.116, 0.139, and 0.179 mL/μg for age 15--25, 25--65, and 65--85 years, (iii) estimated arsenic‐induced A (H1N1) viral load increasing rate was 0.5 mL/μg, (iv) estimated A (H1N1) virus‐induced FEV~1~ reducing rate was 0.10 mL/logTCID50, and (v) the relationships of arsenic concentration and A (H1N1) virus associated RSS can be described by a Hill model.

This study has limitations on data use and links to reality. Combined with accumulating evidence on the potentially adverse effects of chronic arsenic exposure on human health^(^ [^41^](#b41){ref-type="ref"} ^)^ together with arsenic exposures exacerbated health outcomes related to A (H1N1) infections,^(^ [^36^](#b36){ref-type="ref"} ^)^ such findings have encouraged claims that being chronically exposed to arsenic will worsen health outcomes in already arsenic‐enriched regions. Despite a growing research effort, however, quantitative linkage between chronic arsenic exposure and influenza infection remains uncertain. A crucial component of this study is the use of data from earlier studies to estimate parameters or fit model projections to the experimental human infection curves.

Yet because our study cannot definitively rule out other plausible contributing factors, for instance, arsenic‐associated skin lesions and tobacco smoking,^(^ [^17^](#b17){ref-type="ref"}, [^18^](#b18){ref-type="ref"}, [^21^](#b21){ref-type="ref"} ^)^ further elucidating the relative contributions of these factors remains a critical area for future research. Nevertheless, the robustness of the present derived quantitative relationships among arsenic, lung function, and A (H1N1) virus capture the direct role of chronic arsenic exposure in shaping exacerbations of lung function. When combined with projections of exacerbations risk profiles and arsenic exposure scenarios, this arsenic exposure effect provides a coherent and alarming picture of increase in A (H1N1)‐associated respiratory symptoms under chronic arsenic exposure through arsenic‐contaminated drinking water consumption. This result should be viewed with some cautions, however, because skin lesions and smoking variables are clearly endogenous to exacerbations of lung function.

Many studies^(^ [^14^](#b14){ref-type="ref"}, [^17^](#b17){ref-type="ref"}, [^18^](#b18){ref-type="ref"}, [^21^](#b21){ref-type="ref"} ^)^ indicated that skin lesions and tobacco smoking might be affecting factors to arsenic‐induced lung function decrement. So far we still do not fully understand the underlying mechanisms of how the other infectious respiratory diseases (like tuberculosis) affect the lung functions. Therefore, we recommended that the future research could focus on more evaluations of the interaction of arsenic with other interference factors or infectious respiratory diseases (like tuberculosis) commonly found in the arsenic prevalence areas. Looking forward, it is a vital health need to identify environmental risk factors that exacerbate influenza and possibly other respiratory infections, helping to minimize the impact of potential pandemic outbreaks in the future. It is thus needed to conduct more studies to determine the causal relationships of virus‐chemical interactions in water and human disease and to assess the role of other waterborne chemical carcinogens related to infectious diseases manifestation.^(^ [^42^](#b42){ref-type="ref"}, [^43^](#b43){ref-type="ref"}, [^44^](#b44){ref-type="ref"} ^)^ Our findings suggested that avoidance of drinking arsenic‐containing water could reduce influenza respiratory illness and that need will become increasingly urgent as the novel H1N1 pandemic influenza virus infects people worldwide.^(^ [^45^](#b45){ref-type="ref"}, [^46^](#b46){ref-type="ref"} ^)^

In the present study, data gaps are the limitation of the model. The major assumption was that RSS estimates were strongly associated with FEV~1~ decrements, viral loads, and arsenic exposure levels. The epidemiological data used in this study only considered arsenic‐contaminated drinking‐water‐associated respiratory effects. However, people exposed to arsenic contaminations were also related to ingestion, inhalation, and dermal contact pathways. The prediction might be underestimated in the present study. Furthermore, the different ethnic group, socioeconomic status, and food habits might be the plausible factors for RSS and arsenic accumulation capacities. Based on our model findings, the area‐specific RSS could be predicted. Therefore, area‐based disease impacts could be predicted and even forecasted. Therefore, we could effectively control the plausible impacts due to arsenic and viral infection. The implications of our proposed model might be initiated for risk management. First, our model concept could be used as a paradigm for heterogeneous stress co‐exposure issues where the stress might include heavy metals and/or infectious virus. Second, our model structure might be useful for infection risk estimation if arsenic‐associated infection probability is available. Last, our results might improve the current vaccine and chemoprophylaxis layout (or deployment).
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APPENDIX: CONVERSION OF THE PERCENT PREDICTED FEV~1~ INTO AGE‐SPECIFIC FEV~1~ {#ss5}
=============================================================================

We treated the age‐associated FEV~1~ empirical formulas adopted from Cotes *et al.* ^(^ [^47^](#b47){ref-type="ref"} ^)^ for three selected age groups (16--25, 25--65, 65--85 years) and calculated population‐based age‐specific normal FEV~1,*N*~(*t*, 0) in the absence of arsenic as: where *St* stands for stature (m). Input age (mean value) and stature, stature‐ and age‐related predicted FEV~1~ could be calculated accordingly. In the empirical formulas, we assumed that the stature of male is 1.70 m, and the FEV~1~ of health participants is 100%. After arsenic exposure, one of the lung function indices, FEV~1~, would decline subsequently; thus the percent predicted FEV~1~ could be obtained as FEV~1~(*t*, 0)/FEV~1~(*t*, *C*)×100%.
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